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ABSTRACT
Stellar streams are ubiquitous in the Galactic halo and they can be used to improve our under-
standing of the formation and evolution of the Milky Way as a whole. The so-called Mono-
ceros Ring might have been the result of satellite accretion. Guglielmo et al. have used N-body
simulations to search for the progenitor of this structure. Their analysis shows that, if the Ring
has a dwarf galaxy progenitor, it might be found in the background of one out of eight spe-
cific areas in the sky. Here, we use Gaia DR2 data to perform a systematic exploration aimed
at confirming or rejecting this remarkable prediction. Focusing on the values of the radial
velocity to uncover possible multimodal spreads, we identify a bimodal Gaussian distribu-
tion towards Galactic coordinates (l, b) = (271◦, +2◦) in Vela, which is one of the locations
of the progenitor proposed by Guglielmo et al. This prominent feature with central values
60±7 km s−1 and 97±10 km s−1, may signal the presence of the long sought progenitor of the
Monoceros Ring, but the data might also be compatible with the existence of an unrelated,
previously unknown, kinematically coherent structure.
Key words: methods: statistical – celestial mechanics – Galaxy: disc – Galaxy: evolution –
Galaxy: stellar content – Galaxy: structure.
1 INTRODUCTION
Beyond the nominal edge of the Milky Way disc, 15 kpc from
the Galactic centre, lies a complex network of coherent stellar
structures whose origins are not yet fully understood (see e.g.
Schlaufman 2011; Xue et al. 2011; Pila Díez 2015; Smith 2016).
Some may be the result of the Milky Way cannibalizing nearby
dwarf galaxies (Ibata, Gilmore & Irwin 1994), others could be just
stellar lumps induced by the combined action of the gravitational
potential of the Galaxy and those of passing and/or falling neigh-
bours (Xu et al. 2015; Schönrich & Dehnen 2018). The study of
these structures can help in understanding how theMilkyWay came
into existence and how it has evolved progressively to become what
we observe now. Among all these structures, the true nature of
the so-called Monoceros Ring remains elusive. Originally identi-
fied by Newberg et al. (2002), the structure is considered by some
as a bona fide stellar stream (e.g. Ibata et al. 2003; Yanny et al.
2003; Conn et al. 2007; Grillmair, Carlin & Majewski 2008;
Ivezic´ et al. 2008; Michel-Dansac et al. 2011; Sollima et al. 2011;
Laporte et al. 2018), while others put its origin in the (flared thick)
disc of the Milky Way (e.g. Carraro et al. 2005; Momany et al.
2006; Kalberla et al. 2014; López-Corredoira & Molgó 2014;
Sheffield et al. 2018; Wang et al. 2018). Alternative scenarios put
its provenance in an outer spiral arm such as the one described by
⋆ E-mail: rauldelafuentemarcos@ucm.es
Dame & Thaddeus (2011) or in undulations of the disc (Li et al.
2017) like those discussed by Xu et al. (2015).
Guglielmo et al. (2018) have recently explored the kinemat-
ics, proper motions, and the nature of the putative progenitor of the
Monoceros Ring. Although they could not confirm that the Ring
has its origin in an accretion episode, their analysis argues that, if
the Ring has a dwarf galaxy progenitor, it might be found in the
background of one out of eight well-defined areas in the sky. Here,
we use Gaia DR2 data to perform a systematic exploration of these
areas aimed at confirming or rejecting their prediction, focusing
on the values of the radial velocity to uncover possible multimodal
distributions. This Letter is organized as follows. Section 2 presents
the input data and tools used in our analysis. The eight radial ve-
locity distributions are explored in Section 3. Section 4 presents the
analysis of a bimodal Gaussian distribution found towards Galac-
tic coordinates (l, b) = (271◦, +2◦) in Vela. In Section 5, we study
the statistical significance of our findings. Results are discussed in
Section 6 and conclusions are summarized in Section 7.
2 INPUT DATA AND TOOLS
Guglielmo et al. (2018) have proposed that, if the Monoceros Ring
has a dwarf galaxy progenitor, it might be found towards one out of
eight patches of sky. In their fig. 2, three patches are linked to their
Model 2, two to their Model 3, and three more to their Model 4.
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Model 2 predicts a progenitor located in the range of Galactocen-
tric distances, d, 27±12 kpc, Model 3 predictions are for the range
40±12 kpc, and those from Model 4 span the range 31±13 kpc.
Model 2 indicates three possible locations centred at Galactic coor-
dinates (l, b) of (14◦, −1◦) in the constellation of Sagittarius (hence-
forth Model 2 A), (352◦, −2◦) in Scorpius (Model 2 B), and (232◦,
+2◦) in Puppis (Model 2 C); Model 3 gives (11◦, −2◦) in Sagittar-
ius (Model 3 A) and (354◦, −1◦) in Scorpius (Model 3 B); Model 4
suggests (17◦, −2◦) in Scutum (Model 4 A), (249◦, −1◦) in Puppis
(Model 4 B), and (271◦, +2◦) in Vela (Model 4 C). Our objective
is to analyse data in a three-dimensional sub-space (eight of them)
constrained by the values of l, b and d in Guglielmo et al. (2018).
Gaia DR2 (Gaia Collaboration 2016, 2018a) provides exten-
sive astrometric and photometric data —namely, coordinates, par-
allax, radial velocity, proper motions, blue, red and green magni-
tudes, and their respective standard errors— that can be used to
perform the exploration required to confirm or reject the prediction
made by Guglielmo et al. (2018). Out of 87 733 672 sources with
strictly positive values of the parallax, we found 4 831 766 sources
with values of the radial velocity, Vr . This is our primary sample
and we have been able to extract 475, 878, 102, 252, 247, 344, 199,
and 150 sources, respectively, for the eight patches of sky singled
out by Guglielmo et al. (2018). The extraction process has been re-
stricted to a square region of side 10◦, centred at the proposed lo-
cations; i.e. for Model 2 A, the ranges in l and b are, respectively,
(9◦, 19◦) and (−6◦, +4◦) with distances within 27±12 kpc. We be-
lieve that the size of our sampling window is large enough to obtain
robust results (see fig. 2 in Guglielmo et al. 2018).
When needed and following the approach outlined by
Johnson & Soderblom (1987), we have used the input data to com-
pute Galactic space velocities and their uncertainties in a right-
handed coordinate system for U, V , and W; axes are positive in
the directions of the Galactic centre, Galactic rotation, and the
North Galactic Pole (NGP). The Galactocentric standard of rest
is a right-handed coordinate system centred at the Galactic cen-
tre. Axes are positive in the directions of the Sun, Galactic rota-
tion, and the NGP. The necessary values of the Solar motion were
taken from Schönrich, Binney & Dehnen (2010). Averages, stan-
dard deviations, medians, interquartile ranges (IQRs) and other sta-
tistical parameters have been computed in the usual way (see e.g.
Wall & Jenkins 2012)
3 VELOCITY DISTRIBUTIONS
Fig. 1 shows the radial velocity distributions of the eight Gaia
DR2 samples associated with the possible locations of the pro-
genitor of the Monoceros Ring discussed by Guglielmo et al.
(2018). The histograms displayed here have a statistically mean-
ingful bin width computed using the Freedman-Diaconis rule
(Freedman & Diaconis 1981), i.e. 2 IQR n−1/3, where n is the num-
ber of sources; cumulative frequencies are plotted as dashed curves.
The values of the IQRs (median values in parentheses) in km s−1
are, respectively (top to bottom in Fig. 1), 110.27 (+31), 134.93
(−56.98), 32.51 (+105.22), 127.33 (+15.82), 138.47 (−58.01),
99.33 (+31.83), 32.99 (+106.14), and 44.56 (+75.78), and the bin
sizes of the associated histograms are, respectively (also in km s−1),
28.26, 28.18, 13.92, 40.31, 44.14, 28.35, 11.30, and 16.77. Given
the fact that the values of the IQRs for the different regions are quite
different, our analysis is sensitive to finding kinematically cold sub-
structures only in a few of them.
As the Galactic latitude of the various samples corresponds to
the disc, the presence of a single peak in the radial velocity dis-
tribution can be interpreted as the signature of a disc-like popula-
tion; if additional peaks are found, they may correspond to coher-
ent structures different from the disc. As a reference, the solid lines
in Fig. 1 show the distributions of synthetic samples of field stars
generated from the galaxia1 model (Sharma et al. 2011) within one
square degree around the region’s centre (thin red curve, entire syn-
thetic sample, thick black curve, synthetic sample with Galactocen-
tric distance > 15 kpc, normalized to the peak of the correspond-
ing histogram). In general and with the exception of the sample
of location C of Model 4 in Guglielmo et al. (2018) —see Fig. 1,
bottom panel— it is not possible to identify any statistically sig-
nificant bimodal behaviour. The error bars in the bottom panel of
Fig. 1 have been calculated using Poisson statistics (σ =
√
n) and
applying the approximation given by Gehrels (1986) when n < 21,
σ ∼ 1 +
√
0.75 + n.
4 A BIMODAL DISTRIBUTION OF RADIAL
VELOCITIES IN VELA
The bottom panel in Fig. 1 seems to follow a bimodal Gaus-
sian distribution produced by populations with central velocities
60±7 km s−1 and 97±10 km s−1 and consistent dispersions of
about 10 km s−1. Assuming that the observed distribution is mainly
the sum of two normal distributions, the bimodality index (differ-
ence of means divided by dispersion) is 3.7, and the ratio of the
two populations is nearly 1:1. We interpret the population with
the lowest central velocity as an extension of the thin disc at av-
erage Galactocentric distances close to 30 kpc. This interpreta-
tion appears to be compatible with predictions from galaxia, but
the higher Vr peak is neither compatible with the thin disc (thin
curve) nor with the halo component (thick curve), which should
have values close to 150 km s−1. Fig. 2 shows that both popula-
tions (low velocity in green, high velocity in red) have similar dis-
tributions in terms of proper motions (µα cos δ, µδ), although the
high-velocity group exhibits a larger dispersion in the values of
their proper motions in right ascension —averages, standard devi-
ations, medians, and IQRs are (disc members) −3.9±0.7 mas yr−1,
−3.78 mas yr−1, 0.77 mas yr−1 (right ascension), 3.2±0.8 mas yr−1,
3.19 mas yr−1, 0.88 mas yr−1 (declination), and (higher Vr peak)
−3.8±1.1 mas yr−1, −3.73 mas yr−1, 1.24 mas yr−1 (right ascen-
sion), 3.3±0.9 mas yr−1, 3.24 mas yr−1, 1.11 mas yr−1 (declina-
tion). As the values of their distances span the same range —
averages, standard deviations, medians, and IQRs for the parallaxes
are (disc) 0.039±0.009 mas, 0.039 mas, 0.018 mas, and (higher Vr
peak) 0.040±0.011 mas, 0.040 mas, 0.019 mas— their tangential
velocities are also similar. The colour-magnitude diagram in Fig. 3
displays the intrinsic values (i.e. corrected for extinction and red-
dening using the data provided by Gaia DR2) of these two popu-
lations, which follow similar distributions made of probable young
stars, perhaps classical Cepheids, although the high-velocity pop-
ulation seems to be slightly older and/or have different metallicity.
Fig. 3 is similar to figs 19b and 20 in Andrae et al. (2018) in which
the red giant branch (RGB) corresponds to an age of 1–2 Gyr. As
a reference, three 50 Myr and one 1.5 Gyr PARSEC v1.2S + COL-
IBRI PR162 isochrones are also plotted. Most sources in the higher
Vr peak of the bottom panel of Fig. 1 are too bright to be RGB stars.
1 http://www.physics.usyd.edu.au/~sanjib/code/
2 http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 1. Radial velocity distributions of the Gaia DR2 samples associ-
ated with the eight possible progenitor locations of the Monoceros Ring
discussed in Guglielmo et al. (2018). Solid line distributions from galaxia
(Sharma et al. 2011) with warp and flare. See the text for details.
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Figure 2. Proper motion components with 1σ error bars for the Gaia DR2
sample of location C of Model 4 in Guglielmo et al. (2018): green triangles,
stars assumed to be part of the disc (45 km s−1< Vr < 75 km s−1), red
squares, stars linked to the high-velocity peak in the bottom panel of Fig. 1
(80 km s−1< Vr < 120 km s−1), others plotted as black circles.
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Figure 3. Colour-magnitude diagram for the same sample in Fig. 2, sim-
ilar to fig. 5 in Gaia Collaboration (2018b). The entire Gaia DR2 sample
of location C of Model 4 is plotted in light grey. Three isochrones of an
age of 50 Myr and solar (cyan), solar/5 (blue), and solar/50 (purple) metal-
licities and one of an age of 1.5 Gyr (brown) and solar metallicity from
Marigo et al. (2017) are plotted as a reference.
5 STATISTICAL SIGNIFICANCE
Fig. 1, bottom panel, shows that the sample from Model 4 C is
bimodal with central values 60±7 km s−1 and 97±10 km s−1. The
separation between the peaks is 34 km s−1, which is of order of
IQR and well above the usual values of the uncertainties in the
values of the radial velocities (well below 5 km s−1 in most cases,
MNRAS 000, 1–5 (2018)
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Figure 4. Distribution in Galactic coordinates (top panel), distance (second
to top panel), and tangential velocity (second to bottom panel) for the entire
Gaia DR2 sample of location C of Model 4 in Guglielmo et al. (2018). The
colour map shows the value of the colour index in Fig. 3, computed as
shown in Gaia Collaboration (2018b). Hot stars appear lighter in colour and
cold stars darker. Points in green and red as in Figs 2 and 3. The radial
velocity distribution with error bars is shown in the bottom panel.
see Fig. 4, bottom panel). The difference between the bin centred at
58.7 km s−1 and the one at 75.5 km s−1 is nearly 4σ; in addition, the
excess of the bin centred at 92.2 km s−1 with respect to the one at
75.5 km s−1 is about 3.5σ —in both cases using the σ-value at the
dip. If we repeat the same analysis for Model 2 B (Fig. 1, second to
top panel), the single other that might exhibit signs of bimodality,
excesses of just 1.1σ are found.
6 DISCUSSION
In general, the data from Gaia DR2 for sources beyond 15 kpc
are affected by large uncertainties, particularly large in the case of
the parallax values (i.e. distances). Our main findings are based on
a parameter, the value of the radial velocity, which is definitely the
least uncertain of the data set, if measured. The samples used in this
investigation have very good values of the radial velocity and also
the proper motions, but the values of the distances derived from the
parallaxes are rather uncertain. The values of the tangential veloc-
ities and absolute magnitudes inherit these large errors. Therefore,
our conclusions must be based on the value of the radial velocity
and those of the components of the proper motion. These are suffi-
ciently reliable.
It may be argued that both peaks in the distribution of ra-
dial velocity in Fig. 1, bottom panel, could be the result of the
presence of small, distant, and decaying clusters such as E 3
(de la Fuente Marcos et al. 2015). In such cases, we should observe
very small concentrations of relevant sources. Fig. 4, top panel,
shows the distribution of low- and high-velocity sources in Galactic
coordinates and no such obvious concentrations are observed. The
same can be said about the values of the distance in Fig. 4, second
to top panel. In Fig. 4, both the sample with radial velocities and
the most general one are plotted using the intrinsic colour index in
Fig. 3 as third coordinate. Fig. 4, top panel, clearly indicates that
the effects of extinction are very important in this region with the
empty spaces corresponding to putative missing sources not present
in Gaia DR2 because the foreground population and associated gas
clouds effectively block the light from these sources. The fact that
the sources surrounding the empty spaces tend to have the largest
reddening values, clearly confirms that reddening is a major con-
cern here. It is however unlikely that the dominant role that inter-
stellar extinction indeed has in this region may have a major impact
on our conclusions, which are based on the distribution of radial ve-
locities for the most part. Fig. 4, second to bottom panel, shows the
values of the tangential velocity, Vt, which exhibit a considerable
spread due to the large uncertainties in the values of the distances.
Fig. 5 makes the issue of the uncertainties in the values of
the distance explicit. In general, the Galactocentric velocity com-
ponents have very large error bars and this makes it virtually impos-
sible to disentangle the two structures that may contribute to the bi-
modal radial velocity distribution observed in Fig. 1, bottom panel.
The prominent feature with central value 97±10 km s−1, may signal
the presence of the long sought progenitor of the Monoceros Ring,
but the data might also be compatible with the existence of an unre-
lated, previously unknown, kinematically coherent structure, such
as a distant spiral arm or a spur that connects two well-separated
arms. In Fig. 4, top panel, the distribution above the disc looks quite
stream-like, as opposed to cluster-like. The location in the sky of
structure B in fig. 5 of Martin et al. (2004) matches somehow that
of the feature discussed here, but the distance range appears to be
different. The same can be said about the Argo structure discussed
by Rocha-Pinto et al. (2006).
7 CONCLUSIONS
In this Letter, we have investigated the plausibility of the predic-
tions made by Guglielmo et al. (2018) regarding the possible loca-
tion of the putative progenitor of the Monoceros Ring using data
from Gaia DR2 and focusing on the distribution of radial veloci-
ties. A statistically robust feature in the radial velocity distribution
of stars in Vela has been identified. Our conclusions are:
(i) Based on the distributions of radial velocities provided by
Gaia DR2, the distant stellar populations located in the re-
gions proposed by Guglielmo et al. (2018) appear to be com-
patible with single populations (i.e. no kinematically het-
erogenous samples) in all but one case, that of the region to-
wards the constellation of Vela.
(ii) We have identified a statistically significant bimodal Gaus-
sian distribution towards Galactic coordinates (l, b) = (271◦,
+2◦), which is one of the present-day locations of the pro-
genitor of the Monoceros Ring proposed by Guglielmo et al.
(2018). This feature has central values of the radial velocity
of 60±7 km s−1 and 97±10 km s−1.
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Figure 5. Galactocentric velocity components with (top two panels) and
without error bars (bottom two panels). Triangles in green and squares in
red as in Figs 2–4.
(iii) The prominent feature found towards Vela may signal the
presence of the long sought progenitor of the Monoceros
Ring, but the data might also be compatible with the existence
of an unrelated, previously unknown, kinematically coherent
structure.
(iv) Interstellar extinction may be amajor obstacle to disentangle
the true nature of the two remote populations that appear to
share the patch of sky around (l, b) = (271◦, +2◦).
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